Microbial metabolism plays a fundamental role shaping the ecology of the microbial communities ^[@R1],\ [@R2]^. Intestinal inflammation leads to a microenvironment that is conducive to the growth of *Enterobacteriaceae* allowing them to outcompete obligate anaerobes ^[@R3],\ [@R4]^. Therefore, enterobacterial blooms, such as those seen in inflammatory bowel disease (IBD) ^[@R5]^, are a hallmark of inflammation-associated dysbiosis. However, the microbial metabolic landscape associated with gut dysbiosis remains largely unexplored. Adherent-invasive *Escherichia coli* (AIEC), a pathotype of *E. coli*, is often isolated from the intestinal mucosa of patients with Crohn's disease (CD), one of two major forms of IBD ^[@R6]^. AIEC colonization can cause massive intestinal inflammation in certain genetically engineered mice and can worsen inflammation in chemical- or pathogen-induced models of colitis ^[@R7],\ [@R8],\ [@R9],\ [@R10],\ [@R11]^. Given the accumulation of AIEC in CD patients, it is conceivable that AIEC employs unique metabolic pathways to adapt to disease-associated microenvironments.

Here, we report that intestinal inflammation causes AIEC to reprogram their metabolism. AIEC relies on amino acids, particularly L-serine, for its growth in the inflamed gut, while L-serine metabolism plays a minimal role in the fitness in the healthy gut. Some, most likely pathogenic, strains of *Enterobacteriaceae* employ the ability to catabolize L-serine to gain a fitness advantage over competing strains that are unable to utilize L-serine. Luminal L-serine used by pathogenic *Enterobacteriaceae* is primarily supplied by the diet. Therefore, restriction of dietary L-serine could prevent pathogenic *Enterobacteriaceae* from blooming in the inflamed gut.

Results {#S1}
=======

We first examined the impact of host disease on microbial metabolism in *E. coli*. A CD-associated AIEC strain LF82 ^[@R6]^ was used to mono-colonize germ-free (GF) mice and dextran sulfate sodium (DSS) was administrated to induced colitis. Genes related to catabolism of simple sugars, primary metabolic pathways utilized by *E. coli* for its growth under normal intestinal conditions ^[@R12]^, were significantly down-regulated during inflammation ([Fig. 1a](#F1){ref-type="fig"} and [Supplementary Table 1](#SD16){ref-type="supplementary-material"}). Instead, genes associated with amino acid metabolism were markedly up-regulated in the inflamed gut ([Fig. 1a](#F1){ref-type="fig"} and [Supplementary Table 1](#SD16){ref-type="supplementary-material"}). Among them, we found that L-serine utilization, such as *tdcR, tdcABCDEFG*, were strongly up-regulated in the inflamed gut ([Fig. 1b](#F1){ref-type="fig"}, [Extended Data Fig. 1a](#F6){ref-type="fig"}, [b](#F6){ref-type="fig"}, and [Supplementary Table 1](#SD16){ref-type="supplementary-material"}). In contrast, genes related to L-serine biosynthesis were not up-regulated ([Fig. 1b](#F1){ref-type="fig"} and [Supplementary Table 1](#SD16){ref-type="supplementary-material"}). To investigate the importance of L-serine catabolism for the adaptation of *E. coli* to the inflamed gut, we generated isogenic mutant LF82 strains that lack the *tdc* operon (whole deletion of *tdcABCDEFG* genes; Δ*tdc*), *sdaBC* genes (Δ*sda*), and a strain that lacks both the *tdc* and *sda* genes (Δ*tdcΔsda*). LF82Δ*tdcΔsda* double mutant (ΔTS) showed a significant growth defect in L-serine-supplemented medium, while single mutant strains did not, indicating the products encoded by these genes are functionally redundant ([Extended Data Fig. 1c](#F6){ref-type="fig"}, [d](#F6){ref-type="fig"}). No growth defect was observed when the mutant strains were grown in DMEM medium ([Extended Data Fig. 1c](#F6){ref-type="fig"}, [d](#F6){ref-type="fig"}). Likewise, LF82Δ*tdcΔsda* double mutant did not reveal any growth defect in luminal contents isolated from healthy SPF mice ([Extended Data Fig. 1c](#F6){ref-type="fig"}, [d](#F6){ref-type="fig"}). To examine the role L-serine catabolism plays in the inflamed gut, we co-infected naïve (Ctrl) and colitic mice, both DSS-treated C57BL/6 mice and IL-10^−/−^ mice, with LF82 WT and the Δ*tdcΔsda* double mutant. The presence of colitis was verified by measuring fecal lipocalin-2 (Lcn2) levels 13 ([Fig. 1c](#F1){ref-type="fig"}). In Ctrl mice, no significant difference was observed in the colonization potential of both strains ([Fig. 1d](#F1){ref-type="fig"}, [e](#F1){ref-type="fig"}). In contrast, inflammation favored the expansion of WT LF82, but not the mutant ([Fig. 1d](#F1){ref-type="fig"}, [e](#F1){ref-type="fig"}). Likewise, loss of Tdc and Sda did not interfere with the respiration of nitrate, a by-product of host inflammatory responses that foster blooms of *E. coli* ^[@R3]^ ([Extended Data Fig. 2a](#F7){ref-type="fig"}). These data indicate that *E. coli* LF82 employs L-serine catabolism to adapt to the inflammatory milieu.

Bacteria sense their surroundings and reprogram their metabolic pathways in order to better adapt to environmental changes. In this regard, intestinal inflammation is marked by a decline in the abundance of obligate anaerobes. Since obligate anaerobes are the major fiber-degrading constituents of the microbiota, their scarcity likely translates into lower availability of mono-saccharides, which are primarily generated by microbial fermentation of non-digestible dietary carbohydrates ^[@R14]^. The lower availability of simple sugars may affect the expression of genes related to the metabolism of these substrates and promote the expression of metabolism of alternate nutritional sources, such as amino acids. Consistent with this notion, glucose-limitation triggered the expression of *tdcA*, the master regulator of the *tdc* operon, in LF82 ([Extended Data Fig. 2b](#F7){ref-type="fig"}). Also, oxygen availability is thought to increase in the inflamed gut ^[@R15],\ [@R16]^. Compared to 0% O~2~, which represents the oxygen concentration in the healthy gut lumen, 2.0 % O~2~, which corresponds to oxygen concentration at the intestinal tissue 16, promoted the expression of *tdcA* ([Extended Data Fig. 2b](#F7){ref-type="fig"}). Moreover, exposure to nitric oxide ^[@R17]^ resulted in the up-regulation of *tdcA* mRNA ([Extended Data Fig. 2b](#F7){ref-type="fig"}). In addition, the inflammation-induced growth advantage of WT LF82 over *ΔtdcΔsda* LF82 was diminished in colitic *Cybb*^−/−^ mice whose neutrophils/macrophages are deficient in NADPH oxidase ([Extended Data Fig. 2c](#F7){ref-type="fig"}, [d](#F7){ref-type="fig"}). Since WT and *Cybb*^−/−^ mice developed a similar degree of colitis, hydrogen peroxide produced by the host may play a role in the regulation of L-serine catabolism in AIEC.

Next, we assessed the importance of L-serine metabolism in the pathogenesis of *E. coli*-driven colitis. To this end, DSS-colitis mice were colonized by either WT or the Δ*tdcΔsda* LF82 ([Fig. 2a](#F2){ref-type="fig"}). Mice inoculated with LF82 WT lost slightly more body weight compared to control mice or LF82Δ*tdcΔsda* colonized mice ([Fig. 2b](#F2){ref-type="fig"}). The luminal burden of WT and mutant LF82 was comparable before the onset of colitis (day 1) ([Fig. 2c](#F2){ref-type="fig"}). The mutant's colonization ability was slightly impaired in the early phase of colitis (day 2 and 4) ([Fig. 2c](#F2){ref-type="fig"}). As colitis progressed (day 7), the luminal burden of the mutant strain was significantly lower than WT ([Fig. 2c](#F2){ref-type="fig"}). Correlating with luminal bacterial burden, colonization by WT LF82 exacerbated colitis (as measured by thickening of the colon and DAI) while colonization by LF82Δ*tdcΔsda* did not increase the severity of colitis ([Fig. 2d](#F2){ref-type="fig"}, [e](#F2){ref-type="fig"}). Similarly, there was no difference between WT and mutant LF82 in attachment to the colonic mucosa before the onset of severe colitis (day 2) ([Fig. 2f](#F2){ref-type="fig"}). Mucosal attachment of WT LF82 became evident on day 4. In contrast, mucosal attachment of the mutant strain was significantly impaired ([Fig. 2f](#F2){ref-type="fig"}). Since the loss of L-serine utilization genes did not affect the induction of pro-inflammatory cytokines or epithelial adhesion/invasion by LF82 ([Extended Data Fig. 3](#F8){ref-type="fig"}), reduced inflammation results from reduced colonization due to impaired fitness of the mutant in the inflamed intestine.

Next, we sought to determine whether L-serine utilization is a conserved mechanism used by *Enterobacteriaceae* to thrive in the inflamed gut. For this, we used *Citrobacter rodentium*, a murine model of human pathogenic *E. coli* infection^[@R18]^. SPF mice were infected with WT *C. rodentium* or the *C. rodentium* Δ*tdcΔsda* double mutant ([Fig. 3a](#F3){ref-type="fig"}). WT *C. rodentium* was detected on day 2 and peaked on day 8 post infection ([Fig. 3b](#F3){ref-type="fig"}). The colonization ability of the Δ*tdcΔsda* double mutant was comparable to the WT on days 2 and 4 post-infection (before onset of severe colitis). However, starting on day 8, the colonization ability of the Δ*tdcΔsda* double mutant was significantly impaired ([Fig. 3b](#F3){ref-type="fig"}). Consequently, the severity of colitis (fecal Lcn2, mucosal IL-17A expression, histology) caused by the mutant was markedly reduced ([Fig. 3c](#F3){ref-type="fig"}--[f](#F3){ref-type="fig"}). Interestingly, in the absence of competing commensal microbiota (in GF mice), both WT and the Δ*tdcΔsda C. rodentium* colonized with equal efficiency and induced similar levels of inflammation ([Fig. 3g](#F3){ref-type="fig"}--[k](#F3){ref-type="fig"}). These results indicate that L-serine catabolism makes it possible for *C. rodentium* to gain a growth advantage over competing commensals.

L-serine is a central substrate in the biosynthesis of proteins, nucleic acids, lipids, as well as several other amino acids ^[@R19]^. Due to its importance, *E. coli* has the highest demand for L-serine among all amino acids ^[@R20]^. Although it is known that the growth efficiency of *E. coli* in general is very poor when L-serine is the sole carbon source ^[@R21]^, specific strains of *E. coli* might utilize L-serine more efficiently than others. In this regard, we have reported that LF82 exploits intestinal inflammation caused by *Salmonella* Typhimurium to promote its fitness, whereas commensal *E. coli* HS fails to do so ^[@R22]^. We theorized that this phenotype is explained by variability in the efficacy of L-serine utilization between those two strains. To test this hypothesis, we examined the growth capacity of different *E. coli* strains in the inflamed luminal contents isolated from control and *Salmonella*-infected mice. Consistent with the data obtained from the *in vivo* models of colitis, AIEC LF82 and *C. rodentium* grew significantly more efficiently when cultured under inflammatory conditions *ex vivo*, whereas this was abolished in the absence of L-serine utilization genes ([Fig. 4a](#F4){ref-type="fig"}). This result indicated that these strains exploit L-serine catabolism to maximize their fitness in the inflamed gut. Like human AIEC, a murine AIEC strain CUMT8 ^[@R23]^ employed inflammation to bloom ([Fig. 4b](#F4){ref-type="fig"}). In contrast, inflammation did not promote the growth of human commensal *E. coli* HS and MG1655 ^[@R24],\ [@R25]^, human probiotic *E. coli* Nissle 1917, murine commensal *E. coli* strains dn15.6244.1 ^[@R26]^ and SK460 ([Fig. 4b](#F4){ref-type="fig"}). We next performed a growth competition assay using LF82 and MG1655. At first, we examined the intraspecific competition of these two *E. coli* strains in a single L-amino acid supplemented medium. Minimal medium supplemented with L-asparagine promotes the growth of both strains equally well ([Fig. 4c](#F4){ref-type="fig"} and [Extended Data Fig. 4a](#F9){ref-type="fig"}). However, in a L-serine-supplemented medium, LF82 grew more efficiently than MG1655 ([Fig. 4c](#F4){ref-type="fig"} and [Extended Data Fig. 4a](#F9){ref-type="fig"}). To verify the dispensability of L-serine catabolism in MG1655, we generated a MG1655 Δ*tdcΔsda* double mutant strain and examined its fitness in the inflamed gut. Since MG1655 fails to colonize naïve SPF mice efficiently ^[@R25]^, streptomycin-treated mice were inoculated with MG1655 ([Extended Data Fig. 4b](#F9){ref-type="fig"}, [c](#F9){ref-type="fig"}). In the absence of inflammation, both WT and Δ*tdcΔsda* MG1655 colonized with equal efficiency ([Extended Data Fig. 4b](#F9){ref-type="fig"}, [c](#F9){ref-type="fig"}). MG1655 colonization was not promoted by the presence of intestinal inflammation (DSS). Rather, inflammation limited the colonization ability of MG1655 ([Extended Data Fig. 4b](#F9){ref-type="fig"}, [c](#F9){ref-type="fig"}). Also, colonization of MG1655 Δ*tdcΔsda* was similar to the otherwise isogenic WT strain, suggesting that, unlike LF82, MG1655 does not employ L-serine catabolism to maximize its fitness in the inflamed gut.

To confirm the importance of L-serine utilization in intraspecific competition between *E. coli* strains *in vivo*, we mono- or co-colonize GF mice with LF82 (L-serine utilizer) and MG1655 (L-serine non-utilizer). Mice were then treated with DSS to induce intestinal inflammation ([Extended Data Fig. 5](#F10){ref-type="fig"}). Intestinal inflammation did not affect the *in vivo* fitness of LF82 or MG1655 in mono-colonized mice ([Fig. 4d](#F4){ref-type="fig"}). In LF82/MG1655 co-infected mice, both strains co-colonized stably ([Fig. 4d](#F4){ref-type="fig"}). Interestingly, intestinal inflammation promoted the growth of LF82 at the expense of MG1655 ([Fig. 4d](#F4){ref-type="fig"}). To confirm the involvement of L-serine catabolism in the intraspecific competition between these *E. coli* strains, we next co-infected GF mice with MG1655 and either AIEC LF82 WT or the LF82 Δ*tdcΔsda* ([Fig. 4e](#F4){ref-type="fig"}). At steady-state, both LF82 WT and LF82Δ*tdcΔsda* stably colonized the intestine with MG1655 ([Fig. 4f](#F4){ref-type="fig"}, [g](#F4){ref-type="fig"}). Although WT LF82 outcompeted MG1655 in the inflamed gut, LF82Δ*tdcΔsda* was unable to outcompete MG1655 during inflammation ([Fig. 4f](#F4){ref-type="fig"}, [g](#F4){ref-type="fig"}). We have also confirmed the role L-serine catabolism plays in intraspecific *E. coli* competition by using *E. coli* HS ([Fig. 4h](#F4){ref-type="fig"}, [i](#F4){ref-type="fig"}). Thus, L-serine utilization, induced by intestinal inflammation, represents a key strategy by which certain *E. coli* strains gain a growth advantage over competing bacteria in the inflamed gut.

We next sought to determine where luminal L-serine, which drives pathogenic *E. coli* blooms, originates. To this end, we analyzed the luminal metabolites during intestinal inflammation. Luminal metabolite profiles were significantly altered during colitis with increased concentration of various amino acids ([Extended Data Fig. 6](#F11){ref-type="fig"} and [Supplementary Table 2](#SD16){ref-type="supplementary-material"}). These amino acids could be released from damaged host tissues and/or the result of the leakage from the vasculature to the luminal surface due to the disruption of tight junctions ^[@R27]^. However, unlike other L-amino acids, the concentration of luminal L-serine was unchanged during intestinal inflammation ([Extended Data Fig. 6](#F11){ref-type="fig"} and [Supplementary Table 2](#SD16){ref-type="supplementary-material"}). Although the majority of free L-amino acids are absorbed in the upper part of the gastrointestinal tract, a considerable amount of unabsorbed L-amino acids can reach the colon ^[@R28]^. To examine the role of diet-derived amino acids in the gut lumen, SPF mice were fed an amino acid-defined diet (Ctrl), a protein-free diet (PFD) ^[@R29]^ or a L-serine-deficient diet (SDD) ^[@R30]^. Glycine was also removed from the SDD, because serine and glycine may be inter-converted *in vivo* ^[@R31]^. To validate the specificity of SDD, we also used a L-aspartic acid-deficient diet (DDD). Both LF82 and MG1655 can use L-aspartic acid for their growth ([Extended Data Fig. 4](#F9){ref-type="fig"}). However, unlike L-serine, genes related to L-aspartic acid metabolism are not altered during inflammation ([Fig. 1a](#F1){ref-type="fig"} and [Supplementary Table 1](#SD16){ref-type="supplementary-material"}). First, we monitored consumption of each diet as well as the impact the diets had on body weight. There was no difference in consumption between the control diet and the SDD or the DDD ([Extended Data Fig. 7a](#F12){ref-type="fig"}). Consistent with the amount of diet consumed, we did not detect any difference in animal body weight across the three experimental groups ([Extended Data Fig. 7b](#F12){ref-type="fig"}). However, animals in the PFD group consumed significantly less chow than the other 3 groups, and, as a result, PFD-fed mice experienced body weight loss ([Extended Data Fig. 7a](#F12){ref-type="fig"}, [b](#F12){ref-type="fig"}). Next, we examined changes in the availability of luminal L-amino acids in mice maintained on these diets. The luminal concentrations of L-serine and L-glycine in PFD and SDD groups were lower compared to the control group ([Fig. 5a](#F5){ref-type="fig"} and [Extended Data Fig. 7c](#F12){ref-type="fig"}). In DDD-fed mice, the luminal concentration of L-aspartic acid, but not other amino acids, was significantly decreased ([Fig. 5a](#F5){ref-type="fig"} and [Extended Data Fig. 7c](#F12){ref-type="fig"}). To address the importance of diet-derived L-serine in intraspecific competition of *E. coli*, we co-infected GF mice with LF82 and MG1655 ([Fig. 5b](#F5){ref-type="fig"}). Intestinal colonization of both strains was relatively stable and was not affected by dietary changes in healthy mice ([Fig. 5c](#F5){ref-type="fig"} and [Extended Data Fig. 8](#F13){ref-type="fig"}). Interestingly, the inflammation-induced dominant colonization of LF82 was blunted when dietary L-serine was depleted ([Fig. 5c](#F5){ref-type="fig"} and [Extended Data Fig. 8](#F13){ref-type="fig"}). Notably, the lack of dietary L-aspartic acid did not influence the competition between LF82 and MG1655 at steady-state or during inflammation ([Fig. 5c](#F5){ref-type="fig"}).

Lastly, we asked whether the SDD can be a treatment option for diseases associated with the expansion of pathobiont-type *Enterobacteriaceae.* To this end, we employed an animal model of CD because the expansion of *Enterobacteriaceae*, including AIEC, is a hallmark of CD ^[@R5],\ [@R6]^. We and others have reported that colonization by microbiotas isolated from CD patients results in the development of severe colitis in various models of colitis, including *Il10*^−/−^ mice ^[@R32],\ [@R33]^. Therefore, we used this CD microbiota-driven model of colitis to validate the therapeutic potential of suppressing the growth of pathogenic *Enterobacteriaceae* through administration of the SDD. Consistent with the previous report ^[@R32]^, CD microbiota colonization resulted in the development of severe colitis (increased fecal Lcn2, mucosal IL-17A expression, and histopathology) in mice maintained on a control diet ([Fig. 5d](#F5){ref-type="fig"}). As expected, the lack of dietary L-serine reduced gut colonization by *Enterobacteriaceae* ([Fig. 5e](#F5){ref-type="fig"}). Strikingly, restriction of dietary serine significantly attenuated colitis induced by the CD microbiota ([Fig. 5f](#F5){ref-type="fig"}--[i](#F5){ref-type="fig"}). In contrast, consumption of DDD did not affect the abundance of *Enterobacteriaceae* or the severity of colitis ([Fig. 5e](#F5){ref-type="fig"}--[i](#F5){ref-type="fig"}). These results demonstrate that withholding dietary L-serine can prevent inflammation-induced bloom of pathogenic *Enterobacteriaceae* in a CD model, thereby attenuating colitis.

Discussion {#S2}
==========

The present study provides evidence that nutritional preference of intestinal bacteria relies on the microenvironment that the bacteria face. Some bacteria may utilize different metabolic pathways for their growth depending on the condition of the host. AIEC and *C. rodentium* employ L-serine metabolism to maximize their fitness in the inflamed gut, while this metabolic pathway is not used or has only a minor role for the bacterial fitness in the healthy gut. Since L-serine is not utilized efficiently for the growth of some *E. coli* strains, this metabolic reprogramming is crucial for these bacteria to gain a growth advantage over other competing strains. In this study, we demonstrated the critical role of *tdc* and *sda* genes in the fitness of *E. coli* strains in the inflamed gut by using the *ΔtdcΔsda* mutant strains. Unfortunately, due to the size of operons, we were unable to successfully clone to complement the mutants. However, since a mutation in a single operon (e.g., *Δtdc* mutant or *Δsda* mutant) did not affect the ability of either mutant to utilize L-serine, the growth defect seen in the *ΔtdcΔsda* double mutant is a distinct phenotype that arises in the absence of both operons. Also, the *ΔtdcΔsda* double knock-out in non-pathogenic *E. coli* MG1655 did not influence the fitness of this *E. coli* strain in the inflamed gut. To be more certain, we generated two additional double mutant strains in a clean background to rule out a secondary mutation and those new strains showed identical growth defects on L-serine ([Supplementary figure 1](#SD1){ref-type="supplementary-material"}).

Although the mechanism by which L-serine promotes the growth of pathogenic *E. coli* in the inflamed gut remains elusive, *E. coli* can catabolize L-serine and convert it to pyruvate, which is a necessary substrate for gluconeogenesis and the TCA cycle ^[@R31]^. L-serine can, therefore, be a source of energy. Likewise, L-serine metabolism allows for the synthesis of proteins, nucleic acids and lipids, which are all required for bacterial growth ^[@R19]^. In addition to its metabolic roles, L-serine might act as a signaling molecule that promotes the expression of stress response genes or is used as a precursor in the synthesis of gene products involved in adaptation to stress. In this context, it is known that L-serine catabolism is elevated in *E. coli* under heat shock conditions and L-serine is probably used for the generation of heat shock proteins ^[@R34]^. Another possibility is that L-serine elicits the secretion of antimicrobial molecules, such as bacteriocin ^[@R35]^. The antimicrobial molecules, in turn, suppress the growth of competing strains, thereby leading to the selective growth of L-serine utilizers. In any scenario, L-serine utilization appears to be a strategy some *E. coli*, most likely pathobiont-type strains, employ to adapt to environmental change and to compete more effectively with other bacteria. In this regard, L-serine catabolism pathway is used by other enteropathogens for their *in vivo* growth. For example, *Campylobacter jejuni* requires *sdaA* for the persistent colonization ^[@R36],\ [@R37]^. Thus, the utilization of L-serine during inflammation most likely is a conserved mechanism that pathogenic bacteria employ for their competitive fitness. However, non-pathogenic *E. coli* strains also harbor L-serine utilization genes, suggesting that the signals or transduction pathways necessary to activate L-serine catabolism during inflammation could be responsible for pathogen-specific adaptation to the inflammatory microenvironment ^[@R21]^. Pathobionts, including AIEC, might be poised to sense the environmental changesb created by intestinal inflammation, through as yet unidentified mechanisms, to turn on the expression of L-serine catabolism genes.

In this study, we have demonstrated that restriction of dietary amino acid, particularly L-serine, intake prevents the expansion of *Enterobacteriaceae* in the inflamed gut. It is notable that depletion of non-essential amino acids L-serine and L-glycine does not affect host physiology ^[@R30]^. Indeed, deprivation of dietary serine did not affect the expression of host-derived antimicrobial molecules, such as *Reg3b* and *Reg3g*, mucus production, as well as host immune responses, such as *Il17a, Ifng* ([Extended Data Fig. 9](#F14){ref-type="fig"}). While not observed by us, it has been reported that dietary L-serine is a key nutritional factor required for optimal host immune responses during infections caused by bacterial pathogens. For instance, during systemic *Listeria monocytogenes* infection, L-serine is required for *de novo* purine biosynthesis in proliferating pathogen-specific effector T cells ^[@R38]^. Hence, lower availability of dietary L-serine results in decreased proliferation of pathogen-specific effector T cells ^[@R38]^. Thus, it remains possible that the deprivation of dietary L-serine prevents the inflammation-induced blooms of *Enterobacteriaceae* in part through the modification of host immunity.

Taken together, L-serine utilization pathways can be viewed as therapeutic targets that selectively inhibit the growth of certain pathogenic bacteria without influencing beneficial commensal bacteria. Since the diet has been shown to influence the availability of luminal nutrients, appropriate dietary intervention could be used to effectively treat dysbiosis-driven diseases, such as IBD.

Materials and Methods {#S3}
=====================

Bacterial strains and mutant construction {#S4}
-----------------------------------------

All bacterial strains used in this study are listed in [Supplementary Table 3](#SD1){ref-type="supplementary-material"}. *E. coli* strains were routinely grown aerobically in LB medium (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl) or on LB agar (15 g/l agar) at 37°C. When appropriate, antibiotics were added to the media at the following concentrations: 100 μg/ml Ampicillin (Amp), 25 μg/ml kanamycin (Kan), 30 μg/ml chloramphenicol (Cm) and 100 μg/ml Streptomycin (Str). *E. coli* LF82 and MG1655 deletion mutants were constructed using the lambda red recombinase system ^[@R39]^. Primers homologous to sequences between the 5' and 3' ends of the target genes were designed and used to replace the target genes with a nonpolar kanamycin- or chloramphenicol-resistance cassette derived from template plasmids pKD4 or pKD3, respectively ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}). Confirmation of *E. coli* mutants was carried out by PCR using primers flanking the target gene sequence and comparing the product size to the wild-type PCR product size.

Mice {#S5}
----

Specific pathogen-free (SPF) C57BL/6 WT, *Il10*^−/−^, and *Cybb*^−/−^ mice were originally purchased from the Jackson Laboratories and housed and bred in the Animal Facility at the University of Michigan. GF WT C57BL/6 mice were obtained from the GF Animal Facility at the University of Michigan or the Charles River Laboratories. GF *Il10*^−/−^ mice obtained from GF Animal Facility at the University of Michigan. All GF mice were housed in flexible film isolators and their GF status was checked weekly by aerobic and anaerobic culture. The absence of the microbiota was verified by microscopic analysis of stained cecal contents that detects any unculturable contamination. In all animal strains, 8--16-week-old female and male mice were used for the experiments. They were provided with autoclaved distilled water, ad libitum, and animal chow, as described below. SPF mice were fed a sterilized laboratory rodent diet 5L0D (LabDiet). GF and gnotobiotic mice were fed a sterilized rodent breeder diet 5013 (LabDiet). For the experiments with dietary modifications, three types of amino acid-modified diets were used: (i) control diet that contains defined amounts of all 20 amino acids (Ctrl, TD.130595), (ii) protein/amino acid-free diet (PFD, TD.93328), (iii) L-serine and L-glycine-deficient diet (SDD, TD.140546), and (iv) L-aspartic acid-deficient diet (DDD, TD.180664). Custom diets were manufactured by Envigo (Madison, WI, USA) and sterilized by gamma irradiation. All animal studies were performed in accordance with protocols reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Michigan. No statistical methods were used to predetermine the sample size for animal experiments. Mice in the closer ages and similar weight were randomly assigned to experimental and control groups. All animal experiments were not blinded except for the pathology assessment.

Bacterial transcriptome analysis {#S6}
--------------------------------

Cecal contents (100-300mg) from *E. coli* mono-colonized mice treated with 1.5 % DSS for 5 days were isolated (N=4, each group). Total RNA was extracted by combining Phenol:Chloroform:Isoamyl Alcohol (pH4.5, Ambion 9720) and LiCl precipitation (Ambion) according to the manufacturer's instructions. Then, isolated RNA was treated with DNase (Ambion) and RNeasy (QIAGEN). Any bacterial ribosomal RNAwas depleted by Ribo-zero kit (illumina). Isolated RNA was then assessed for quality using TapeStation (Agilent). Samples with RNA Integrity Numbers (RINs) of 8 or greater were prepped using the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB), NEBNext Ultra RNA Library Prep kit (NEB) and NEB Next Multiplex Adaptors for Illumina (NEB, E7335, E7500, E6609, E7600). Between 10ng to 1μg of total RNA was converted to mRNA by poly A purification. The mRNA was then fragmented and copied into first strand cDNA using reverse transcriptase and random primers. The 3 prime ends of the cDNA were adenylated and adapters were ligated. The unique 6 nucleotide barcode present in one of the ligated adapters in each sample allowed us to sequence more than one sample in every lane of the Illumina HiSeq flow cell. The products were purified and enriched by PCR to create the final cDNA library. Final libraries were checked for quality and quantity by TapeStation (Agilent) and qPCR using Kapa's library quantification kit for Illumina Sequencing platforms (Kapa Biosystems). Sixteen samples were multiplexed and pooled. They were clustered on the cBot (Illumina) and sequenced on two lanes of a 50 cycle single end HiSeq 2500 run in High Output mode using version 4 reagents according to the manufacturer's protocols. Fifty-one base-long high quality unpaired-end reads were mapped on LF82 genomic sequence CU651637 by bowtie2 (ver. 2.3.5.1) with default parameters after the removal of reads mapped on the control PhiX174 and mouse genomes ^[@R40]^, and then reads of individual genes were counted by HTSeq ^[@R41]^. Genes that were expressed at the different levels in two groups were detected by using LEfSe (p\<0.05) of Mothur ^[@R42]^, and selected by 'comparative marker selection' (false discovery rate q\<0.05, 10,000 permutations, all marker detection=0) of GENE-E ([software.broadinstitute.org/GENE-E](http://software.broadinstitute.org/GENE-E)). For network and functional gene ontology analysis, bacterial genes up-regulated (≥2.0 fold, ratio w/ to w/o DSS) or down-regulated (\<2.0 fold, ratio w/ to w/o DSS) in each LF82 or MG1655 strain were extracted and analyzed using the STRING protein--protein network database (ver.11.0) ^[@R43]^. The STRING software compiles all available experimental evidence for the reconstruction of functional protein association networks. For each interaction, STRING confers a metric called 'confidence score'. All interactions fetched in the analysis had a confidence score ≥ 0.4. Multiple rounds of iteration of the Kmeans clustering method using different k seed numbers were performed. The functional gene clusters were then determined by DAVID (ver.6.8) and mapped onto the network.

Fecal metabolome analysis {#S7}
-------------------------

Capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS)--based metabolome analysis was conducted as described previously with some modifications ^[@R44]^. In brief, fecal samples were lyophilized using a VD-800R lyophilizer (TAITEC) for 24 hours. Freeze-dried feces were disrupted with 3.0-mm Zirconia Beads (Biomedical Science) by vigorous shaking (1,500 rpm for 10 min) using ShakeMaster (Biomedical Science). Fecal metabolites were extracted using the methanol:chloroform:water extraction protocol. CE-TOFMS experiments were performed using the Agilent CE System, the Agilent G3250AA LC/MSD TOF System, the Agilent 1100 Series Binary HPLC Pump, the G1603A Agilent CE-MS adapter and the G1607A Agilent CE-ESI-MS Sprayer Kit (Agilent Technologies). MasterHands software was used for data processing, quantification and peak annotation ^[@R45]^.

Anaerobic growth of E. coli {#S8}
---------------------------

Mucin broth was prepared by dissolving 0.5 % mucin in No-Carbon E medium (NCE) supplemented with trace elements 3. Sodium nitrate, DMSO, and TMAO were added to a final concentration of 40 mM. *E. coli* strains (1 x 10^4^ CFU/ml) were cultured anaerobically for 24 h at 37°C. Bacterial numbers were determined by spreading dilutions on selective LB agar plates.

C. rodentium infection {#S9}
----------------------

WT *C. rodentium* DBS100 (Nalidixic acid-resistant; NalR) or the Δ*tdc*Δ*sda* double mutant strain (Kanamycin-resistant; KanR) were grown overnight in Luria-Bertani (LB) broth supplemented with nalidixic acid (50 μg/ml) or kanamycin (50 μg/ml) with shaking at 37°C. Mice were infected by oral gavage with 0.2 ml of PBS containing approximately 1 × 10^9^ CFU of *C. rodentium*. To measure bacterial colonization, fecal pellets were collected from individual mice, homogenized in cold PBS and plated at serial dilutions on MacConkey agar plates containing antibiotics. Infected mice were sacrificed 12 days post infection. Colons were washed with cold PBS and used for H&E staining. Fecal Lcn2 levels were measured to examine the severity of colitis.

In vitro bacterial culture {#S10}
--------------------------

For *in vitro* growth assay, several types of *E. coli* strains (10^3^ CFU/100 μl) were mono-cultured aerobically in a minimal medium (MM) containing 0.1% glucose supplemented with a single 1 mM amino acid for 8 hours at 37°C in 20% O~2~ and 5% CO~2~. Bacterial growth was quantified by optical density measurement (O.D.600). High glucose DMEM (0.45% glucose, Gibco) was used as a positive control. For *in vitro* competition assay, MG1655 and LF82 were mixed at the ratio of 1:1 (10^3^ CFU each/100 μl) and cultured in MM supplemented with the indicated single amino acid (1 mM) for 8 hours at 37°C anaerobically. For *in vitro tdcA* activation assay, LF82 was cultured in a custom made DMEM (0% or 0.1% glucose). To examine the influence of O~2~ concentration, *E. coli* was cultured in the Coy Microoxic Chamber (2% O~2~, Coy Laboratory Products) or the Coy Anaerobic Chamber (0% O~2~, Coy Laboratory Products) for 6 hours at 37°C. Bacterial RNA was extracted using the Trizol Max Bacterial RNA isolation kit (Ambion) and converted to cDNA using the High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific). *tdcA* expression was quantified by qPCR (primers shown in [Supplementary Table 4](#SD1){ref-type="supplementary-material"}). For assessing the *in vitro tdcA* activation in response to NO, the NO-releasing compound 3-\[2-hydroxy-1-(1-methylethyl)-2-nitrosohydrazino\]-1-propanamine (NOC-5, Calbiochem) was freshly prepared and added to LF82 culture.

Ex vivo growth of E. coli in luminal content {#S11}
--------------------------------------------

SPF C57BL/6 mice were pre-treated with streptomycin (20 mg/mouse) 1 day prior to infection with *Salmonella enterica* serovar Typhimurium SL1344 (2 x 10^7^ CFU/mouse). Two days post *Salmonella* infection, cecal contents were harvested. Cecal contents were resuspended in a cold PBS at 20mg/ml. Resuspended cecal contents were then centrifuged (500g x 5 min followed by the additional centrifugation at 10,000g x 5 min) to remove intestinal bacteria and debris and then sterilized by passing 0.22 μm filter. The absence of residual bacteria was verified by plating on LB agar 72 hrs. *Salmonella* uninfected mice were used to obtain control cecal contents. Sterilized luminal contents were stored at −80°C until use. For *E. coli ex vivo* growth assay, each strain (1 x 10^3^ CFU) was inoculated into sterilized luminal content and cultured for 8 h at 37°C with 20% O~2~ and 5% CO~2~. After 8hr, culture media were plated onto LB agar and bacterial CFUs were measured.

*In vivo E. coli* fitness assay {#S12}
-------------------------------

Naïve SPF C57BL/6 WT mice and colitic mice were inoculated with *E. coli* strains. For DSS-induced colitis, mice were treated with 1.5% DSS for 5 days. For *Il10*^−/−^ mice colitis, GF *Il10*^−/−^ mice received SPF mouse-derived microbial transplants and allowed to reconstitute for 14 days. The presence of active colitis in both models was verified by measuring fecal Lcn2. Control mice and mice with established colitis (day 5 DSS or day 14 conventionalized ex-GF *Il10*^−/−^ mice) were co-inoculated (at a ratio of 1:1, 1 × 10^9^ CFU each) with *E. coli* (LF82 or MG1655) WT and the Δ*tdc*Δ*sda* double mutant. Fecal material was collected 24 hrs post *E. coli* inoculation. Bacterial load in feces was determined by plating on LB agar plates containing appropriate antibiotics, as described above.

In vivo E. coli competition in gnotobiotic mice {#S13}
-----------------------------------------------

GF C57BL/6 mice were inoculated with different strains of *E. coli* at a ratio of 1:1 (1 × 10^9^ CFU each). After 7 days of reconstitution, co-colonized animals were treated with filter sterilized 1.5 % DSS (Affymetrix) for 5 days. Fecal material was collected on indicated days post bacterial inoculation and re-suspended in sterile PBS (100 mg/ml). Bacterial load was determined by plating the suspended fecal material on LB agar plates containing appropriate antibiotics, as described above. In dietary intervention experiments, animals were placed in clean cages when animal diet was changed so as to remove any residual chow.

CD microbiota-induced colitis model {#S14}
-----------------------------------

The CD microbiota-induced colitis model was previously reported by us ^[@R32]^. Briefly, GF IL-10-deficient nC57BL/6 mice were fed a Ctrl diet or SDD for 7 days. Mice were then reconstituted with the microbiota isolated from a CD patient 32. CD-derived microbiota colonized mice were kept under GF condition for 21 days. At day 21, all mice were sacrificed, and the tissue samples were fixed with 4% paraformaldehyde. Fixed tissues were processed for H&E staining. The following were used as histology criteria (0 -5): 0; none, 1; minimal (lesions restricted to mucosa; lesions consist of minimal hyperplasia with minimal scattered inflammation), 2; mild (lesions affecting mucosa with infrequent submucosal extension; lesions consist of mild hyperplasia with mild inflammation +/− minimal goblet cell loss, and/or erosions), 3; moderate (lesions affecting mucosa and submucosa; lesions consist of moderate hyperplasia with moderate inflammation +/− few crypt abscesses, moderate goblet cell loss, and/or erosions), 4; severe (lesions affecting mucosa and submucosa; lesions consist of severe hyperplasia with multifocal severe inflammation +/− several crypt abscesses, erosions/ulcerations, and/or irregular crypts/crypt loss), 5; marked (trasmural lesions, lesions consist of marked hyperplasia with marked inflammations, +/−multiple crypt abscesses, erosions/ulcerations, irrecular crypts/crypt loss, and/or inflammation). Histologic assessment was performed by a pathologist in a blinded fashion at the ULAM In Vivo Animal Core.

Bone marrow-derived Macrophages (BMDM) stimulation {#S15}
--------------------------------------------------

Bone marrow cells were isolated from SPF WT C57BL/6 mice. Bone marrow cells were then cultured for 6 days with Iscove's Modified Dulbecco's Medium supplemented with 30% L929 supernatant containing macrophage-stimulating factor, glutamine, sodium pyruvate, 10% FBS and antibiotics. Mycoplasma contamination was not tested for freshly prepared for bone marrow-derived macrophages (BMDMs). Differentiated BMDMs were seeded (2 x 10^5^ cells/well/48 well plate in 200 ml) and stimulated with MG1655, AIEC LF82 WT or LF82 Δ*tdc*Δ*sda* double mutant (ΔTS) strains at a MOI=5 for 3 hrs, followed by 15 hrs of additional culture in the presence of gentamycin (100 μg/ml) to prevent bacterial overgrowth. Culture supernatants were harvested, and cytokines were measured by ELISA.

Bacterial invasion assay {#S16}
------------------------

Authenticated T84 cell line cells (human colonic epithelial cells, ATCC® CCL-248^™^) was purchased from ATCC. T84 cells were seeded onto 24 well plates (2 x 10^5^ cells/well/24 well plate in 500 μl) and cultured for 3 weeks. Polarized cells were then washed three times with ice-cold PBS and the DMEM media without antibiotics was added. *E. coli* strain (1 x 10^6^ cells/well) were then added into T84 cells culture. Cell culture plates were then centrifuged (900g x 10 min) to promote bacterial attachment to the cells, and then incubated for 3 hrs at 37°C with 20% O~2~ and 5% CO~2~. After 3 hrs, cells were washed, and extracellular bacteria were killed by gentamycin (100 μg/ml). Intracellular (invaded) bacteria werethen quantified by culture on LB agar plates. The percentage of intracellular bacteria was calculated.

Statistical Analyses {#S17}
--------------------

Statistical analyses were performed using GraphPad Prism software version 7.0 (GraphPad Software Inc.). Statistical tests used for experiments are provided in Figure legends. Differences of *P*\<0.05 were considered significant.

Data Availability {#S18}
-----------------

Source data for all Figures and Extended data Figures are provided with the paper. *E. coli* LF82 RNA-seq that used in this study has been deposited in GEO under the accession number GSE106412. The metabolome data obtained in this study is available at the NIH Common Fund's Data Repository and Coordinating Center (supported by NIH grant, U01-DK097430) website, the Metabolomics Workbench, <http://www.metabolomicsworkbench.org>, where it has been assigned Project ID XXXXX. The data can be accessed directly via it's Project DOI: XXXXXX

Extended Data {#S19}
=============

![L-serine catabolism mutant LF82 Δ*tdcΔsda* has serine-dependent growth defect.\
Diagram of *tdc* gene operon (**a**) and L-serine catabolism pathway in *E. coli* (**b**). (**c, d**) AIEC LF82 WT, Δ*tdc* (ΔT), Δ*sda* (ΔS), and Δ*tdcΔsda* (ΔTS) mutant strains were cultured in DMEM (0.45% glucose) or a minimal medium (0.1% glucose) supplemented with 1 mM serine for 8 hours at 37°C with 20% O~2~ and 5% CO~2~. Growth kinetics (O.D~600~) are shown. Data represent mean ± s.d. (N=5, technical replicates). Results are representative of 2 biologically independent experiments. \*\*\*\*; *P* \< 0.0001 by 2-Way ANOVA (ΔTS vs WT, ΔT or ΔS). (**d**) Bacterial CFUs at 8 h were measured by plating on LB agar. Each number inside the bar indicates percent growth to WT LF82. (**e**) Luminal contents from ceca were collected from SPF C57BL/6 WT mice. The debris and bacteria were removed by centrifugation followed by filtration (0.2 μm). AIEC LF82 WT or ΔTS mutant were cultured in 20% sterilized luminal content for 8 h at 37°C with 20% O~2~ and 5% CO~2~. Bacterial CFUs were measured by plating on LB agar. (**d, e**) Data represent geometric mean ± s.d. (N=4-5, biological replicates). N.S.; not significant, \*\*\*; *P* \<0.001 by Mann--Whitney U test (two-sided) (**e**) or 1-Way ANOVA followed by Bonferroni post-hoc test (**d**).](nihms-1539817-f0006){#F6}

![Inflammation-associated milieu may regulate the expression of *tdcA* in *E. coli*.\
(**a**) Mucin broth was prepared by dissolving 0.5 % mucin in None-Carbon E medium (NCE) supplemented with trace elements. Sodium nitrate, dimethyl sulfoxide (DMSO), and trimethylamine N-oxide (TMAO) were added to a final concentration of 40 mM. Mucin broth without any supplementation (None) was used as a control. Each *E. coli* strain (MG1655 (MG), LF82 (LF), and LF82Δ*tdcΔsda* double mutant (TS)) was inoculated (1 x 10^4^ CFU/ml) in the medium and incubated anaerobically for 24 h at 37°C. Bacterial numbers were determined by spreading dilutions on selective LB agar plates. The fold increase was calculated by normalizing the CFU at 24 hrs to the respective CFU at 0 hrs. Data represent geometric mean ± s.d. (N=3, biologically independent samples). N.S.; not significant by 1-Way ANOVA followed by Bonferroni post-hoc test. (**b**) AIEC LF82 was cultured *in vitro* for 8 hrs at 37°C. The expression of *tdcA* mRNA was assessed by qPCR. Fold expression of *tdcA* in steady state-like conditions (DMEM supplemented with 0.1% glucose, cultured in 0% oxygen) is shown. Different concentrations of glucose (0.1% glucose or 0% glucose) and oxygen (0% oxygen or 2% oxygen) were tested. 3-\[2-hydroxy-1-(1-methylethyl)-2-nitrosohydrazino\]-1-propanamine (NOC-5) (10 mM) was added to mimic the presence of nitric oxide (NO). Data are represented as mean ± s.d.. Dots indicate individual biological replicates. \*\*\*; *P* \< 0.001, \*\*\*\*; *P* \< 0.0001 by Dunnett test. (**c**) SPF C57BL/6 mice WT (Ctrl) and *Cybb*^−/−^ mice were treated with 3% DSS for 5 days. At day 5 post DSS treatment, mice were co-inoculated with LF82 WT and Δ*tdc*Δ*sda* (ΔTS) mutant (1 x 10^9^ CFU each/mouse). Fecal samples were collected 24 hrs post *E. coli* inoculation. Fecal lipocalin-2 (Lcn2) levels (**a**) and the competitive index (LF82 WT/LF82 ΔTS) (**d**) are shown. Bars represent geometric mean ± s.d. Dots indicate individual mice. (N=4-5, biologically independent animals). N.S.; not significant, \* *P* \< 0.05 by Man-Whitney *U* test (two-sided).](nihms-1539817-f0007){#F7}

![L-serine metabolism pathways are not required for AIEC virulence.\
(**a**) Experimental procedure: BMDMs (2 x 10^5^ cells/well/48 well plate in 200 μl) were stimulated with MG1655, AIEC LF82 WT or LF82 Δ*tdcDsda* double mutant (ΔTS) strains at a MOI=5 for 3 hrs, followed by 15 hrs of additional culture in the presence of gentamycin (100 μg/ml) to prevent bacterial overgrowth. (**b**) Bacterial CFU was measured before gentamicin treatment (3hrs). Data represents geometric mean ± s.d. Dots indicate individual biological replicate (N=3). N.S.; not significant. (**c**) Culture supernatants were harvested, and cytokines were measured by ELISA. Data represents mean ± s.d. Dots indicate individual biological replicate (N=3). N.S.; not significant, \*\*\*; *P* \<0.001, \*\*\*\*; *P* \< 0.0001 by 1-Way ANOVA followed by Bonferroni post-hoc test. (**d**) T84 intestinal epithelial cells (2 x 10^5^ cells/well/24 well plate in 500 μl) were grown for 3 weeks and infected with each *E. coli* strain (2 x 10^6^ cells/well). After 3 hrs, cells were washed, and extracellular bacteria were killed by gentamycin (100 μg/ml). Intracellular bacteria were then quantified by culture on LB agar plates. The percentage of intracellular bacteria was calculated. Data represents mean ± s.d. Dots indicate individual biological replicate (N=3). N.S.; not significant, \*\*; *P* \< 0.01 by 1-Way ANOVA followed by Bonferroni post-hoc test.](nihms-1539817-f0008){#F8}

![LF82 but not MG1655 employs L-serine for its growth.\
(**a**) AIEC LF82 and commensal *E. coli* MG1655 were cultured in DMEM (0.45% glucose) or in a minimal medium (0.1% glucose) supplemented with a single L-amino acid (final concentration was 1mM) for 8 h at 37°C in 20% O~2~ and 5% CO~2~. Bacterial proliferation (O.D~600~) is shown. Data represent mean ± s.d. (N=2, technical replicates). Results are representative of 2 biologically independent experiments. SPF C57BL/6 mice were pretreated with streptomycin (800mg/kg, *p.o.*) 1 day prior to the treatment with 3.0% DSS. Control (Ctrl) and DSS-treated mice (day 5 post 3.0% treatment) were then co-inoculated with MG1655 WT and MG1655 Δ*tdcΔsda* (ΔTS) mutant (1 x 10^9^ CFU each/mouse). Fecal samples were collected 24 hrs post *E. coli* inoculation. Bacterial CFUs in feces (**b**) and the competitive index (WT/ΔTS) (**c**) are shown. Bars represent geometric mean ± s.d. Dots indicate individual mice (N=5, biologically independent animals). N.S.; not significant by Man-Whitney *U* test (two-sided) or 1-Way ANOVA followed by Bonferroni post-hoc test.](nihms-1539817-f0009){#F9}

![Severity of DSS colitis in gnotobiotic mice.\
Germ-free (GF) C57BL/6 mice (N=4, biologically independent animals) were mono-colonized either with MG1655 or LF82, or co-colonized with those two strains (1 x 10^9^ CFU each/mouse) for 10 days. On day 10, colitis was induced by 1.5% DSS (for 5 days). Body weight change at day 15 (% of initial (day 10)) (**a**) and disease activity index (DAI) (day 10 and day 15) (**b**) are shown. Data represent mean ± s.e.m. Dots indicate individual mice. \*\*; *P* \< 0.01, \*\*\*\* *P* \< 0.0001 by Man-Whitney *U* test (two-sided).](nihms-1539817-f0010){#F10}

![Intestinal inflammation alters the luminal metabolome.\
SPF C57BL/6 mice (N=5, biologically independent animals) were treated with 1.5% DSS for 5 days. Cecal samples were harvested and luminal metabolic profiles were analyzed by capillary electrophoresis time-of-flight mass spectrometry (CETOF/MS). (**a**) A heatmap of the quantified luminal metabolites. The concentrations of metabolites were transformed into Z-scores and clustered according to their Euclidean distance. Gray areas in the heatmap indicate that respective metabolites were not detected. (**b**) Principal component analysis (PCA) of the luminal metabolome data. The ellipse denotes the 95% significance limit of the model, as defined by Hotelling's t-test. (**c**) A loading scatter plot of the PCA. (**d**) The bar graphs showing the selected metabolites whose concentrations were altered significantly during DSS colitis. Data are presented as mean ± s.d. Dots represents individual mice (N=5, biologically independent animals). N.D.; not detected, \*; *P* \< 0.05, \*\*; *P* \< 0.01 by Mann--Whitney U test (two-sided).](nihms-1539817-f0011){#F11}

![Effect of dietary amino acid modification on mice.\
(**a, b**) SPF C57BL/6 mice were fed a control amino acid defined diet (Ctrl), protein-free diet (PFD), L-serine-L-glycine-deficient diet (SDD), or Laspartic acid-deficient diet (DDD) for 7 days. Food consumption (**a**) and body weight change (**b**) were monitored at indicated time points. Four individual cages were used for each diet. Each cage contains 2-5 biologically independent mice. Food consumption amount per mouse in each cage was calculated. Data represent mean ± s.e.m. (N=4, biologically independent experiments). N.S.; not significant, \*; *P* \< 0.05, \*\*\* *P* \< 0.001, \*\*\*\* *P* \< 0.0001 by two-way ANOVA followed by Bonferroni post-hoc test (Ctrl vs PFD). (**c**) SPF C57BL/6 mice were fed the Ctrl, PFD, SDD, or DDD for 3 days. On day 3, fecal samples were collected from each mouse. Capillary electrophoresis time-of-flight mass spectrometry (CETOF/MS) was used to measure the concentration of luminal L-amino acids. Data represent mean ± s.e.m. Dots indicate individual mice (N=5-6, biologically independent animals). N.S.; not significant, \*; *P* \< 0.05, \*\*; *P* \< 0.01, \*\*\*; *P* \< 0.001, \*\*\*\* *P* \< 0.0001 by one-way ANOVA followed by Bonferroni post-hoc test or Man-Whitney U test (two-sided).](nihms-1539817-f0012){#F12}

![Dietary L-serine regulates intraspecific competition between *E. coli* in the inflamed gut.\
(**a**) Germ-free (GF) C57BL/6 mice were co-inoculated with LF82 and MG1655 for 7 days. All mice were fed the control amino acid-defined (Ctrl) diet during this period. On day 7, the diet was switched to protein-free diet (PFD) or L-serinedeficient diet (SDD). The control group stayed on the ctrl diet. Three days after switching diets, colitis was induced by 1.5% DSS (5-day treatment). (Left) Bacterial CFUs and the (Right) competitive index of LF82/MG1655 were analyzed at indicated time points. Data are represented as geometric mean ± s.d. (N=5-8, biologically independent animals). \*; P\<0.05, \*\*\*\*; P\< 0.0001: 2-Way ANOVA followed by Bonferroni post-hoc test (Left: Ctrl diet + MG1655 vs. SDD + MG1655, Right: Ctrl Diet vs SDD). (**b**) GF C57BL/6 mice were fed Ctrl diet or SDD. After three days, the mice were co-inoculated with LF82 and MG1655. Bacterial CFUs and the competitive index of LF82/MG1655 were analyzed at indicated time points. Data are represented as geometric mean ± s.d. (N=5, biologically independent animals).](nihms-1539817-f0013){#F13}

![Deprivation of dietary L-serine does not influence host anti-microbial immunity.\
SPF C57BL/6 mice (N=5, biologically independent animals) were fed a control amino acid-defined diet (Ctrl), protein-free diet (PFD), or L-serine and L-glycine-deficient diet (SDD) for 14 days. Colonic mucosa was isolated at day 14 and the expression of host anti-microbial genes was analyzed by qPCR. Data are represented as mean ± s.d. Dots indicate individual mice. N.S.; not significant, by 1-Way ANOVA followed by Bonferroni post-hoc test.](nihms-1539817-f0014){#F14}
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![*E. coli* reprograms its metabolism and utilizes serine in the inflamed gut.\
(**a**) Germ-free (GF) mice were mono-colonized with *E. coli* LF82 for 1 week. *E. coli* mono-colonized mice were then treated with 1.5% DSS for 5 days. Cecal contents were harvested and microbial gene expression was analyzed by RNA-seq (N=4, biologically independent animals). A network analysis of bacterial genes up- (Left) and down-regulated (Right) in the inflamed gut (≥ 2.0-fold change) using the STRING protein--protein interaction database. The functional gene annotation was obtained from DAVID. Networks were exported with confidence view settings in which line thickness indicates the strength of data support. Each node (small circle) represents a gene up- or down-regulated in this analysis. The formed gene clusters were differentially colored with functional definitions as described in the box and shown as overlaid circles. (**b**) Fold increase (DSS/no DSS) of serine metabolism pathway genes. (**c, d**) Naïve SPF C57BL/6 mice (Control), DSS treated mice (day 5 post 3.0% DSS treatment), and colitis-developed *Il10*^−/−^ mice were co-inoculated with LF82 WT and Δ*tdc*Δ*sda* (ΔTS) mutant (1 x 10^9^ CFU each/mouse, N=5-8, biologically independent animals). Fecal samples were collected 24 hrs post inoculation. (**c**) Presence of active inflammation was verified by measuring fecal Lcn2 levels. Dots indicate individual mice with mean ± s.e.m. (**d**) Bacterial CFUs for each strain were measured by plating. Dots indicate individual mice with geometric mean ± s.d. (**e**) The competitive index of WT/ΔTS mutant is shown. Dots indicate individual mice with geometric mean ± s.d. N.S.; not significant, \*\*; *P* \< 0.01, \*\*\*; *P*\< 0.001, \*\*\*\* *P* \< 0.0001 by 1-Way ANOVA followed by Bonferroni post-hoc test.](nihms-1539817-f0001){#F1}

![L-serine catabolism promotes the fitness of AIEC in the inflamed gut.\
(**a**) SPF C57BL/6 mice were treated with 3.0% DSS for 7 days (N=5, biologically independent animals).Mice were inoculated with LF82 WT or Δ*tdcΔsda* (ΔTS) double mutant (1 x 10^9^ CFU each/mouse) every day. (**b**) Body weight changes. Data represent individual mice with mean ± s.e.m.. (**c**) Fecal bacterial CFUs. CFUs of Individual mice are shown as dots with geometric mean ± s.d.. (**b, c**) The statistical comparison between LF82 WT and ΔTS group has been made and considered significant only at Day 7. \*; *P* \< 0.05 by 2-Way ANOVA followed by Bonferroni post-hoc test. (**d, e**) On day 7 post DSS, all mice are sacrificed and colonic weight (**d**) and disease activity index (DAI, **e**) were examined. Dots indicate individual mice with mean ± s.e.m. N.S.; not significant, \*; *P* \< 0.05, \*\*\*\*; *P* \< 0.0001 by or 1-Way ANOVA followed by Bonferroni post-hoc test. (**f**) The colonic tissues were harvested on indicated days following DSS treatment. Colonic mucosa-associated bacterial CFUs were assessed. CFUs from individual mice are shown as dots with geometric mean ± s.d.. \*; *P* \< 0.05 by 2-Way ANOVA followed by Bonferroni post-hoc test.](nihms-1539817-f0002){#F2}

![L-serine catabolism promotes the fitness of *C. rodentium* in the inflamed gut.\
(**a**) SPF C57BL/6 mice were infected orally with 1 x 10^9^ CFU of WT or Δ*tdcΔsda* (ΔTS) double mutant *C. rodentium* (N=5, biologically independent animals)*.* (**b, c, d**) Pathogen burden in feces, fecal Lcn2 levels, and *Il17a* mRNA expression in the colonic mucosa were monitored over the indicated time. Dots indicate individual mice with geometric mean ± s.d. (**b**) or mean ± s.e.m. (**c, d**). (**e, f**) Mice were sacrificed on day 12 and inflammation was assessed by histological evaluation. Representative H&E images (scale bar = 100 μm) (**e**) and histological score (**f**) are shown. Dots indicate individual mice with mean ± s.e.m.. (**g**) Germ-free (GF) C57BL/6 mice were mono-colonized with *C. rodentium* WT or *C. rodentium* ΔTS (1 x 10^9^ CFU each/mouse) for 12 days. Fecal CFUs and Lcn2 level at indicated time points were analyzed. Dots indicate individual mice with geometric mean ± s.d. (**g**) or mean ± s.e.m. (**h**). (**i, j, k**) Mice were sacrificed on day 12. The expression of *Il17a* mRNA in the colonic mucosa (**i**), representative images of colon tissues (**j**) and histological score (**k**) were assessed. Dots indicate individual mice with mean ± s.e.m. N.S.; not significant, \*; P \< 0.05, \*\*; P \< 0.01 by 2-Way ANOVA followed by Bonferroni post-hoc test (**b, c, d, g, h**) or Man-Whitney *U* test (two-sided) (**f, i, k**).](nihms-1539817-f0003){#F3}

![L-serine catabolism regulates intraspecific competition of *E. coli* in the inflamed gut.\
(**a**) *E. coli* LF82 WT, LF82 Δ*tdc*Δ*sda* (ΔTS) mutant, *C. rodentium* DBS100 WT, and *C. rodentium* Δ*tdc*Δ*sda* (ΔTS) mutant strains (1 x 10^3^ CFU) were inoculated into sterilized cecal content isolated from healthy and colitic (*Salmonella*-induced colitis) and cultured for 8 hrs at 37°C with 20% O~2~ and 5% CO~2~. After 8hrs, culture media were plated onto LB agar and bacterial CFUs were measured. Fold increase of bacterial strains in the inflammation (+) luminal content to the inflammation (−) control condition is shown. Dots indicate individual replicates with mean ± s.e.m (N=4, biologically independent samples). N.S.; not significant, \*; P \< 0.05 by Mann--Whitney *U* test (two-sided). (**b**) Each indicated *E. coli* strain (MG1655, HS, dn15.6244.1 (dn), Nissle 1917 (EcN), SK460, and CUMT8) was cultured in cecal content isolated from control and colitic mice as described in (**a**). Fold increase of bacterial strains in the inflammation (+) luminal content to the inflammation (−) control condition is shown. Dots indicate individual replicates with mean ± s.e.m (N=4-7, biologically independent samples). N.S.; not significant, \*\*\*; P \< 0.001 by Mann--Whitney *U* test (two-sided). (**c**) Competitive growth assay of LF82 (Amp^R^) (LF) and MG1655 (Str^R^) (MG) in a minimal medium supplemented with L-asparagine (Asn) or L-serine (Ser). Bacterial CFUs were quantified by culture on LB plates supplemented with ampicillin or streptomycin. Dots indicate individual replicates with mean ± s.e.m (N=10, biologically independent samples). N.S.; not significant, \*\*; P \< 0.01, \*\*\*\*; P \< 0.0001 by 1-Way ANOVA followed by Bonferroni post-hoc test. (**d**) Germ-free (GF) C57BL/6 mice were mono-colonized either with LF82 or MG1655, or co-colonized both strains (1 x 10^9^/mouse each). On day 10, mice were treated with 1.5% DSS for 5 days. Bacterial CFUs in each mouse was quantified by culturing fecal matter at indicated time points. Data are given as geometric mean ± s.d. (N=3-4, biologically independent animals). Results are representative of 3 independent experiments. N.S.; not significant, \*; P \< 0.05 by Mann--Whitney *U* test (day 10 (non-inflamed) vs day 15 (inflamed)). (**e**) GF C57BL/6 mice were co-colonized with LF82 WT or LF82 *ΔtdcΔsda* double mutant (ΔTS) and a commensal *E. coli* strain (MG1655 or HS) (1 x 10^9^ CFU each/mouse) for 10 days. On day 10, colitis was induced by 1.5% DSS (for 5 days). Colonization of LF82 WT (LF), LF82ΔTS (ΔTS), and MG1655 (MG) (**f**) or HS (**h**) was assessed at indicated time points. Data are presented as a geometric mean ± s.d. The competitive index of LF82 WT/MG1655 (WT) and LF82ΔTS/MG1655 (ΔTS) (**g**) and LF82 WT/HS (WT) and LF82ΔTS/HS (ΔTS) (**i**) in the non-inflamed (Non-inf) gut (day 10) and the inflamed gut (day 15) are shown. Dots indicate individual mice with as geometric mean ± s.d (N=5-8, biologically independent animals). (**g, i**) N.S.; not significant, \*\*\*; *P* \< 0.001, \*\*\*\*; *P* \< 0.0001 by 1-Way ANOVA followed by Bonferroni post-hoc test.](nihms-1539817-f0004){#F4}

![Dietary L-serine fosters the bloom of *E. coli* in the inflamed gut.\
(**a**) SPF C57BL/6 mice were fed a control amino acid-defined diet (Ctrl), protein-free diet (PFD), L-serine and L-glycine-deficient diet (SDD), or L-aspartic acid-deficient diet (DDD) for 14 days. On day 3, fecal samples were collected from all mice. Capillary electrophoresis time-of-flight mass spectrometry (CE-TOF/MS) was used to measure the concentration of luminal L-amino acids. Mean values relative to ctrl diet-fed mice are shown as a heatmap. (**b, c**) Germ-free (GF) C57BL/6 mice were co-inoculated with AIEC LF82 and commensal *E. coli* MG1655 for 7days (from day −10 to day −3). All mice were fed the Ctrl diet during this period. After 7 days (on day −3), the diet was switched to PDF, SDD, or DDD. The control group stayed on the Ctrl diet. Three days after switching diets (on day 0), colitis was induced by 1.5% DSS (for 5 days). The competitive index of LF82/MG1655 was analyzed at steady-state (day 0, Non-inf) and during inflammation (day 5, inflamed). Dots indicate individual mice with geometric mean ± s.d. (N=5-12, biologically independent animals). N.S.; not significant, \*\*\*; *P* \< 0.001, \*\*\*\*; *P* \< 0.0001 by 1-Way ANOVA followed by Bonferroni post-hoc test. (**d-i**) GF *Il10*^−/−^ mice (N=5-12) were fed either the Ctrl Diet or the amino acid-deficient diet (SDD or DDD) from 7 days prior to microbiota reconstitution. After 7days, a Crohn's disease patient-derived fecal microbiota was orally inoculated. On day 21 post microbiota transplantation, mice were sacrificed, and intestinal inflammation was evaluated. (**e**) Fecal *Enterobacteriaceae* load on day 21 was measured by qPCR. Fecal Lcn2 levels (**f**), *Il17a* Mrna expression in the colonic mucosa (**f**), representative H&E images (scale bar = 100 μm) and histological scores (**h, i**) on day 21. (**e-i**) Dots indicate individual mice with geometric mean (**e**) or mean (**f, g, i**) ± s.d. N.S.; not significant, \*; *P* \< 0.05, \*\*; *P* \< 0.01 by 1-Way ANOVA followed by Bonferroni post-hoc test.](nihms-1539817-f0005){#F5}
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